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Abstract. We suggest thstl 10’s eruptive activity may
include rr ckss of previously unddected S02 geysers. The
Ihermodynsunic  models for the  eruptive plumes  discovered
by Voyager involve low to moderate entropy S02 eruptions.
The resulting plumes  rue  a mixture of solid d gas which
emerge from the vent d follow essen(isdly  ballistic trajecto.
ries.  We show that intrusion of silicate magma  into buried
S 02 deposits can create the required conditions for high
entropy eruptions which proceed entirely in the vapor phsrse.
These purely  gaseous plumes  would have bmn invisible to
Voyager’s instruments. Hence, we call them “stealth”
plumes. Such eruptions could  explain the “patchy” S02
atmosphere inferred from recent  UV and microwave sped ral
observations. The mqym intrusion rate required to support
the required gas production for these plumes is a negligible,
frstction of estimated global  magma  intrusion rates.

TIIc nlost  spectacular expressions of 10’s volcanic
activity me the large, umbrella shaped eruptive plumes
discoverd in  Voyager  camera images  [Mor-abiro ef al.,
1 979; Smif/f  ff 01.,  1 979]. These plumes rise to altitudes of’
several hundred kilometers, implying ballistic vent velocities
of 0.5- 1.0 hl s“’ [Smith ef al., 1979; Smvn  et rI1., 1979,
1981 I. At least  nine such  Dhmws  were observed in eru~>tion
by VGymger.  Eight of thel~l were apparently active ovc~r the.
four months separating the two Voyager eocouoters.  There
is sdso abundsmt evidence in the images for surface deposits
formed by similar activity sit msmy other  locations [,’hifh e{
al., 1979].

The lM&ar-y  model prqxmxl tg.  explaio  these fwst ures
involves phase change, geyser-like eruptions in the low’
gravity and low pressore atmosphere of 10. The theoretical
basis for this class of eruptive activity was laid by Kicffm
[ 1982]. She explored a wide variety of possible combiosr-
tions of compositions, reservoirs  d vents which  COO](I
produce the observed characteristics of the plumes. The.
most likely fluids for driving 10 plumes  nre believed to be
S 02,  which hs been  ddexted as both solid and gas on 10
je.g., Ilmlel e{ al., 1979; Pearl  et a[.,  1979; Fmu71e  et al.,
1 979; Smythe et al., 1 979], and sulfur, proposal m both a
colortit ion agent  on the surface [ Wam.r(eker  et al. , 1974; see
review by NcIs}I  et al., 1986] and  m H possible candidate for
k+va flows [Sagan,  1 979].

Kieffw  [ 1982] organized the discossioo  of the thcnnody-
nsmics  of such plumes  by composition (in this case S OI

‘ S 02) and the conditions at the iirierfsrce betweeo  the geflse;
sd its restwvoir.  The type of plonle  resulting from e~ch
-.



conkinsd  ion csm Iw d e s c r i b e d  i n  terms  of the drivin~,
mtiterial’s  plmse  bchsrvior in si ter])lwrn(llrt:/eI]trol)y  diagram
(};igure  1) Isentropic  flow from the initial stMe in tlw
reservoir (rst depIII) to 10’s sur-fi+ce  conditions (80- 130 K,
-1-10 nsmolmr)  determines both the mixture of phases and
the maximum velocity obtninahle  at the veot.

~On the bstsis of these models, it has been argued  that
many  of the plumes  observwl  by Voyager cm be expliined-

“ -by low to moderate entropy SOZ eruptions from reservo;rl
of liquid S0 2 sit tempersitorws consistent with cont~ct with “
l iquid S [Smirh  et al., 1979; Kielfer,  1982].  T h e  t y p e
exronple  of such  si plume  is Prometheus. A Prometheus-type
plume  emerges from the vent as n low tempersiture  ( -100
K) mixture of gasexsus and solid SO, (Reservoir 11, Figure 1)
moving at high velocity ( -0.5 - 0.6 km s-‘). The resoltant
eruption is observable by means of light scattered from the,
S 02 condensates. Pele  provides an example of another class
of phme. This class IISIS higher eruption velocities, lifetimes
shorter thsm I>rc)llletllells-ty}w plumes, and less observsd>le
condensrrtes  in the core of the plume. Pele-type  plumes  have
been modclled  m sulfllr  encrgizd by contact with silicate
magma  [McEwetl  and Soderldotn,  1 9 8 3 ] ,  d hoogh  h i g h
e n t r o p y  SOZ erupt ions  could  supply  the reqoired  h i g h
velocity [Kiefler,  1982].

We propose tlmt another class of plome  may be even
more coIIm&I  t}mn  those cletected by Voyager. This class
results from a “high entropy” SOZ emption  path in which  the
S 02 is energized by contact with silicsde magma.  In th is
case the reservoir (Kicffer’s  Reservoir V) is characterized as
“ SOZ superheated vtqx)r in contfict with or degassing  from a
hypcstheticrd silicsste melt at 1.5 km depth.  P = 40 bar, ‘I
= 1400 K...”.

Sulfur  dioxide eruptions under these conditions have a
number of interesting chmtcteristics. Figore  1 shows the.
thermodynamic path followed by n Reservoir V eruption.
This class of eruption proceeds entirely in the wqxrr plme,
with 8 flow of high velocity, cold gas emerging from the
v e n t  i n t o  t h e  nexir-vstcuom  shove  10’s  sorface  [Kie~fer,
1982]. IIigh  entropy plumes woukl not }mve been easily
detected by Voytiger. The cameras woukl not Imve detected
molecular sctittering  from gas unless the srbundance was at
least several hondred  meter mnrgtits,  [ Ccdlim,  1980] fw
denser thrm the maximum of -1 O“J meter rmmgats  seen oveI
L&i by the Voyager lnfrstred  Spectrometer (IRIS). The
IRIS coukl  only detect  SO, gas when a Inrge hot source on
the surface wai under a plmlle. Loki was Ihe only soch  ob-
served coincidence ~!hwel d ril. , 1979; l’eorl  et 01. , 1979;
f’eari  and Siu(wl,  1982]. Ttms,  high entropy plumes wookl
generally be invisible. Hence our tern]  “stealth” plume.

Kieffer’s Reservoir V is a physically  reasonable case for. .
a silicde mssgnm intrusion srt depth into SI body of liquid
so,, lnitinl  tempersdures  rmd pressures  lcsding  to even
higher entropy for the initial reservoir wookl sdso led to
“stealth” chsuxcteristics. Mernwdiate,  lower tempmitorc,
lower entropy cases (between the patl]s for Reservoirs IV
and V in Figure 1 ) could  lead to neswly “stealthy” plomes
with low frictions of condensed SO ~, depending on the
swtod  pressorm at tl)e vent. H is Ix)ssiblc  tlmt some “trrms-



1“

parent” Voytiger  phncs  with no obvioos  opt icrrlly thick
mmptirrn columns - like Pelt - are exmnples  of such nexrdy
“stealthy” behsrvior. We will consider the characteristics of
Reservoir V eruptions for the rest  of this paper  m being W
type exanlple  for pore gas plme eruptions.

Both SOZ find silicnte  magnms  are nwxld at depth to
crest e Kieffer’s  Reservoir V. More evidence for silicsrte.
nmgmn activity lms become ~vailsrble since Kieffer’s originsrl
work. lnfrstrd observations of 10 over the last demde Imve
detected short lived hotspots  with tenqmatores irdicrttive  of
silicate lava  (> -1000 K). Amdysis  of these events, ad
otl)er  clmmcteristics of the thennrrl  rtnomrdies on 10, suggest
that silicate volcanism nmy be responsible for most of the
h o t s p o t  and resorfaciog net ivity [Johnson  et al., 1988;
Vedcr et o!.,  1994; Fllaney  et al., 1995].

We expect thrrt volcanic activity on 10 is capable of
prodocing  the conditions needed to create the required S02

subsurface reservoirs. The observed plomes  indicate that
these deposits are indeed  present at depth. To investigate
how these volatile deposits cookl  be boried  by lava flows
requires modelling  the hemt transfer from a solidifying, rtnd
cooling silicate body to a melting and vaporizing volatile
conqxmeot.  III general, this is a complex problem. Howev-
er, large scale volcarlo-grotlll(lwater  interactions of this type
have been considered for Mars [Sq~/yre.r et al., 1987]. They
modelled  the nlobili7.ation  of water, making  up 25 YO volume
of a permafrost layer, by flows and sills. This process is
analogrros  to what my be happening on 10 with SOZ. We
me the results of Squyres  et al. to estimate the volomes  rod
rfite of S0 2 mobilizsttion.

We consider the differences between the Mart irm and
lonirm environments (sorface t emperrtture,  tl]ermstl gradient),
d between wrtter rml  SOZ 8s the major volatile (specific
heflt capacities, latent  heats of solidificrrtion  an(i vapori7.ri-
tion, mehing  RJKI vaporization temperatures). Generally, a
silicate flow on the surface of 10 is capable of mobilizing a
colonm  depth  of SOZ (liquid aJd gas) rolJghly eqoiwdent  to
the thickness of the fJow. Most of the heat in the fhw is lost
from its upper sorface by radid ive transfer. Sorface  flows
nlobili7,e an rtverstge of shoot 2 x 10’6 m see”, per unit area
of the flow, of SOZ doring  the first five  dsrys after en@rce-
JneJlt, This drOpS  by rtn Order of OIJtgllitOde over the next 50
drJys. Fact] subsequent lavrt flow will mobilize less Q, thnn
its predecessor, provid  iog SI mechanism for crtJ>J>ing and
burying the deposit. Ifiter intrusion of silicates into tl,e
reservoir woukl  easily create the required Reservoir V
condit iom.

It is entirely possible thsrt these purely gaseous eroptiorts
rtre more common thrw the visible plumes  seen by Voyfrger.
W e  soggest  that suclJ phmes nmy help  expla in  recent
observations of SOZ gas on 10 osing  UV aJKl microwave
sped roscopy  IIN11OUCII et al., 1992; Btrllester  et rJ1.  , J 994].
Tltese  rtuthors suggest  that SOZ is distrihtcxl  in a “patchy”
nlmner  covering 5-20 VO of the sorftice,  with 10CSSI colon~J)
densities of frboot 10’7 cnl”2 (JM opposed  to  a uniforln
atmospheric lstyer). Furthermore, Lellooch  et al., [ 1 994]
soggest  that the observed nlicrowfive  sJxxlrsd clmrstcteristics
might be Jmdoced by cold g,m in nmJ]y ballistic J}lomes.
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However, rd the time of Voyager, I’r{)llletlle(ls-tylw plomes
covered less than 1 YO of the Ionirm sorface  area [after  Slront
and Schneider, 1982] .

It is possible that the general  level of plome  sictivity is
greater in recent  years thtin in 1979. IIowever, seversrl lines
of evidence suggest  tlmt activity on 10 has been relatively
sttrble for dcxxdes. Opticsd obserwitions  snow Iitlie or no
change  in its brightness, color or rotational vswiatioo since
1928 [Morrison  et al., 1979] d recent 11ST  obsesvtit ions
show an UV sdhedo pattern (bcliewd to he related to SO:,
deposits) very similar to that seen by Voyrqp  [Srzrtorerti er
d . ,  1994] . Oor infrared dritn dso indicate relatively
constant heal flow over the last decade [ Veer/er  ef al., 1994].
We propose instead thsit unseen “stealth” phmes are SI
Pernmnent  featore of 10’s volcanic tictivity and are respom
sihle  for the additiond S02 detected by Ldouch et al.

Is the amount  of power reqoired  to create and sostai]l
stealth plomes  on 10 reasonable? We csn  estimate the
amoont  -of heat t rsmslxwt necessstry  to keep  soch a global
geyser system nmning.  The first step is to cdcohde  the.
power necesssrry  to produce 10’s sitnlosphere  by vftporizsrtioll
of S02 . We rissume  1 O% sorfsice coverage with a local
column  density of 1017 cn)”2. This is 4 x 10’3 S 02 molecoles,
or 4.4 x 108 kg of S02. The smoont  of heat energy required
to convert this qormt ity of S02 liquid to vapor is 1.7 x 101’
J (smoming  heat of vqorimt ion of 3.89 x 1@ J kg”~. To
sopply  this trnloont of heat requires the solidifying and
coolinq, of 8 x 10s kg of silicate magnm (heat c)f f~lsion = 4
x 10s J kg”l; spmific hexit capacity =- 1500 J kg”’ K“]) from
its liqoidm  twnpersitore  (1 475 K) to 300 K. The volome  of
magma  required to volntili7,e the S02 molecules seen over
thC SOrftiCC  At my giVeO tiIlle  IS - ~ x 10’ 11$. Since th’.

ballistic tinm scnlc  in a typical plome  is -1 Os s [JohtLYo~t
mul  Soderblotti,  1 979] the SOZ discharge rate reqoired  to
sustnin  the observed gas is 4.4 x 10f kg s“’. This can be
sustained by the heat content of 3 nl~ s-i of silicate magmfi.
‘I%is is ~ Irivinl  rate when compared with the estimated
glolml silicde extrmion rate of 1.7 x 104 m’ s’) from Blaney
d al. , [ 1995]. We have no direct evidence for the int rosive
rate on 10. I Jowever, rates  of extrosive and intrusive
activity are of the srune order of magnitude in systeom
studied on E8rth.  For example, the ratio  of extrusive to
in t rus ive  terrestrifll basrdtic  ;olcimisnl is aboot 1:3 [e.g.,
D.zurisi)l et al., 1984]. If this ratio  nlso sipplies to Io, then
the sobsurfsice  intrusion mte on 10 is -5 x 104 n~3 s“’ of
which only -0.001 % is reqoired  to be available for vapor-
izing SOZ. Thus we believe there arc trbondsmt  sources of
silicate magnm  to Ix)wer the inferred phone  activity, both
seen  rind Onseen.

Voyager mny in fact have seen evidence for stealth
plume  activity. A long exposore  image. of Io’s nightside
detected severstl  Iocrtlized regions of mroral emissions [Cook
@ al., 1981 I. Several  of these mm were correhrtezi wi(h
known  phone locsIt ions, bot sonm were  not d might hstve
r e s u l t e d  f r o m  gsrs in othcxwise  undetected  plonms. 10
addition, nomeroos  circulnr  allwdo festtores similar to plunte
deposits were seen in arms not dissociated with an “frclivc”
plime (e. g., Sorl in Voyager 2 imstges). These refly Ilc



eilher relics of prwt eruptions or, lwrhrqx,  deposits from
stealth plumes  condensing 00 the sorface. Sterrlth plomcs
mrry rdsrr hrrve affected the Pioneer 10 radio  occuhrrtirms.
J o h n s o n  trod Mrrtson [ 1989] noted thsit 10’s ionrrspherc
inferred from the exit profile of Pionewr 1 O’s radio  occoltti-
tion wris e.ssenlirrlly above  the most prominenl  rind long lived
rrclive volcanic  featore on 10 - I,oki Prrlerm. The entry
profile, however, is not srssociatcxl with my known Voyager
plume.  If there rrrc in fact more clear (rind therefore unseen)
gas phmes thrrn visil)le  plumes  (as seen by Voyager), it
seems  likely that rrny spacecraft occultation hr+s a good
chance of sampling a “ Iocrdlyw derived atmosphere. Galileo,
with several phmned  rrrdio occoltrrtions,  hrrs an opportunity
to belter determine the distribution of both Voyager-style
rrnd “stealth” plome  activity on 10.

We predict thnt Galileo should be able to detect  the.
effects of stealth plomes in one or more of the followinf

wrrys: (1) ionospheric nwmurements  from rsrdio occoltfrtioos;
(2) Iocrdised  aoroml phenomena, and (3) Iocrdised rrlbedo

changes.

Ack nrrwledgements. The authors wish to acknowledge
valuable discussions with Dr. Susan Kieffer  (UBC, Canada),
Dr. Emmanual Lellouc.h (Ohs. de Paris, Meudon,  Frmce)  and
Dr. Alfred McEwen  (USGS, Flagstaff. We thank the review-
ers for their  helpful comments. This work was carried out at
the Jet Propulsion Laboratory, California Institute of Tcchnolo
~y, under a contract from NASA. The NRC provided support
for AGD.



Rcfwcnces

Rallester,  (3.1; ., M.A.  McGrath,  I}.?;. Strobe], X. Zhu, P.D.
Feldnum,  anci }l. W. Moos. Detection of the S02ntnmspherc
on 10 with the }Iubhle Space Telescope. Icarus, 111, 2-17,
1994.

IWmcy, 1).1.., T.V. Johnson, 1>.1..  Matson, and G.J. Veeder.
Volcanic eruptions on Jo: heat flow, resurfacing and lavti
composition. Icarus, 113, 220225, 1995.

Collins, S.A. Spatial color variations in the volcanic plumeat
Loki, on 10. J. Geophys.  Res.,  86, fJ621-8626, 1 9 8 0 .

Chok, A. I:., E.M.  Shoemaker, B.A. Smith, G. Ii, Danielson,
T.V. Johnson, mrd S.P. Synnott  Volcanic origin of the
er~)}~tivel~l~]l~leson 10. Science,  211, 1419-1422, 1981.

Dz.urisin, D., R.V.  Koyanagi,  and T.T.  E n g l i s h . Magma
supply and storage at Kilauca  volcano, Hawaii, 1956-1983.
J. Vo/catIol.  Geothenn. Re.T., 21, 177-206, 1984.

Fanale,  F. P.,  R.H.  IJrown, D.P. Cruikshank,  and R. N. Clark.
Significance of absorption features in 10’s IR spectrum.
Nature, 280, 760763, 1979.

}Ianel, R., and the Voyager Infrared Spectrometer Team.
Infrared observation so ftheJovian system from Voyager 1.
Scieme,  204,972-976, 1979.

Johnson, T. V., A.F. Cook, C. Saga, and 1.. A. SOdcrblom.
Volcanic resurfacing rates and implications for volatileson
10. Nature, 280, 746-750, 1979,

Johnson, T. V., G.J.  Veeder,  11.1..  Matson, R.}1. Brown, R.M.
Nelson, and D. Morrison. 10: evidence for silicate volcanisn)
in 1986. .’k-ience, 242, 12801283, 1988.

Johnson, T.V. and D. I.. Matson. 10’s tenuous atmosphere, in
Ori,gin and  E~dutim  oJPlmketwy and  Satellite Atttmsphetes,
edited by S.K, Atreya, J .11.  Pollack,  and M.S. Matthews,
pp.666-681  , [Jniv. of Ariz,,  Press, 1989.

Kie.ffer, S. W. Ionian Volcanism, in Satellite.! of Jupiter, edited
by D. Morrison, pp. 647-723, Univ. of Ariz. Press, 1982,.

1~.llouch, R., M. Belton,  1. de Pater,  G. Paubert,  S. Gulkis,
and T, F.ncrenaz. ‘J’he structure, stability and global distri-
bution of 10’s atmosphere. /cam.$, 98, 271-295, 1992,

Lellouch,  E., D. Strobcl,  M. Belton, G. Paubert,  G. Ballester,
and 1. de Pater.  Millimeter wave observations of 10’s attno
sphere.: new data and new models, BAAS, 26, NCI. 3, I I 36,

1994.

McIlwen  A, S. and LA. %derblom.  Two classes of volcanic
plume on Io. /catu.v, 55, 191-217, 1983.

Morabito,  L. A., S.P.  Synnott,  P.N. Kupfeman, and S.A.
Collins. Discovery of current active extraterrestrial volca-
nism. Sciettce,  204, 972, 1979.

Morrison, D., D. Pieri, J. Veverka,  and T.V. Johnson.
Photometric evidence on lon~-term stability of albcdo and
colour markings on 10. Natuw,  280, 753-755, 1979.

Nash, D. B., M. II. Carr, J. Gradie,  D.M.  Huntm,  and C.F.
Yode.r.  10, in Satellites, edited by J A. Burns and M.S.
Matthews, pp.629-688,  (Jniv. of Ariz. Press, 1986.

Pearl, J. C., R. JIane], V. Kmdej  W. Maguire,  K. Fox, S.
Guptii, C. Ponnamperuma, and F. Raulin. identification of
gaseous S0 2 and new upper limits for other gases on 10.
Natuw,  28[), 755-758, 1979.

Pearl, J C. and W. M. Sinton. }Iot spots of 10, in .Saldlites o/
Jupiter, edited by D. Morrison, JJp.724-755,  tlniv.  of Ariz.
Press, 1982.

Satwl,  C. Sulphur flows on 10. Ndure,  280, 750 7S3, 1979.



Sartore.tti, P., M. A. McGrath  and I;. Paresce.  Disk-resolved
imaging of 10 with the }lubble Space Te.le.scope,  Icarus,  108,
272-284, 1994.

Smith, B.A. and the Voyager Imaging Team. The Jupiter
System through the eyes of Voyager 1. Scirwce,  204, 951
972, 1979.

Smythe, W.I)., R.M.  N e l s o n  a n d  11.11. Nas}l. Speztral
evidence for S02 frost or adsorhate  on 10’s surface, Nature,
280, 766, 1979.

Squyres,  S, W., D.lZ. Wilhelms,  and A.C.  Moosman. Large-
scale volcano ground ice interactions on Mars. fcaru.~, 70,
385-408, 1987.

Strom R, G., R.J.  Terrile,  H. Masursky,  and C. Hansen.
Volcanic eruption plumes on 10, Na/uw,  280, 733-736,
1979.

Strom R. G., Schneider N. M., Terrile  R, J., A.F.  Cook, and C.
Ilansen.  Volcanic eruptions on 10. Y, Geophys. Res.,  86,
8593-8620, 1981.

Stronl  R.G. and N.M.  Schneider. Volcanic eruptions on lo, in
&/ellite.t  o~Ju/)itel,  edited by D. Morrison, pp. 598-633,
Univ. of Ariz.  Press, 1982,

Veeder  G. J., 11.1., Matson, T.V. Johnson, D.L. Blaney, and
J.D.  Gogue.n. 10’s heat flow from infrared radiometry:
1983-1993. J. Geophys.  Res.,  99, 17,095-17,162, 1994.

Wan)steker W,, R.L.  Krocs,  and J.A.  Fountain. On the surface
composition of 10, /carus,  10, 1-7, 1974.

-—————
D.1., Blaney, JPL, MS 183-501, Pasadena, CA 91109 (e-

mail tdaney(@keekahurr  a.jpl.nasa,gov).
A.G.  Davies, JPL, MS 183-501, Pasadena, CA 91109 (e-

mail: agd~kookahurra.  jpl. nasa. gov),
T.V. Johnson, JPL,  MS 183-501, Pasadena, CA 91109 (e-

mail: tvjohnson(@jpltvj  .jpl. nasa, gov).
D.L. Matson, JPL,  MS 183-501, Pasadena, CA 91101 (e-

mail: d.n]atsm@ccn~ai l,jpl.  nasa. gov).
G.J.  Vecdcr,  JPL,  MS 183-501, Pasa(iena, CA 91101,

(Received: March 13, 1995; accepted: June~0,  1995, )
-.—....-——

Copyright 1995 hy the An]erican  Geophysical Union.

Paper number 95 GL06423

JO1lNSON  El’ Al..: STEALTH PLUMES ON 10

JOHNSON ET Al..: ST13AI.TI1 PI.UMES  ON IO

JOHNSON ET Al..: STEALT1{  PLUMES ON IO

JOIINSON  El’ Al..: STEALTf  I PI.UMES  ON 10

JOIINSON  El’ Al..: STEALT1l  PLUMES ON 10

JOHNSON ET Al,.: STEAI.TH  PI, IJMES  ON 10

JOI{NSON  ET AL,: STEAI.TI{  PI,(JMES  ON 10

JO} INSON  I;T Al..: STEA1.TI1 P1.(JM13S  ON 10



Figure 1. T(:llllx~rtit[lre-elltrolJy  plme dingrsm  o f  S O , .
I leavy  sol id  l ines  are plmsc boundwies;  hemvy dashed  or
dotted  lines fire extrapolrded  beyond d~ta sources; thin lines
arc isobars. Specific elltlmlpies  are shown in parentheses.
Isentropes  I-V (shown with the thin arrows) are examples of
volcanism at lmth Iligll and low entropy. lsentrope  V is the
“stealth plume”  path discussed in the paper [from Kie#er,
1982].

Figure 1. Tetll]wratllre-eIltrol}y  phase diagram of SQ,. Ilcavy  soli{l lines are phase  boundaries; heavy
dashed  or dotted lines are extrapolated beyond data  sources; thin lines are isobars. Specific  enthalpies  are
shown in parentheses. Isentropes  I-V (shown with the thin arrows) arc examples of volcanism at both high
and low entropy. lsentrope V is the “stealth plume” path discussed In the paper [from Kiefier,  1982].

Figure 1. Temperature-entropy phase diagram of S~. Heavy  solid Iine.s are phase boundaries; heavy dashed  or dotted  lines
are extrapolated beyond drsta sources; thin lines are isobrrrs. Spccifrc  el,thalpies  are shown in J)arentheses.  Isentropes  I-V
(shown with tile thin arrows) are examples of volcanism at botb high ar,d low erltropy. Isentrope  V is the “stealth plume”
path discussed in the paper [from Kiefler,  1982].
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